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Abstract:Wepresentareviewoftherecentprogressoftheoreticalmodelsonthedescriptionofthe
superheavynucleusformationinheavyioncolisions.Twosortsofreactionsthatarethefusion灢
evaporationmechanismandthemassivedampedcolisionstoproducesuperheavynucleiaredis灢
cussed.Problemsandfurtherimprovementsofthecaptureofcolidingpartners,theformationof
compoundnucleusandthede灢excitationprocessarepointedout.Possiblecombinationsforthe
synthesisofthesuperheavynucleiinbetweentheproductsofthecoldfusionand48Cainducedreac灢
tionsareproposedbythecalculationsbasedonthedinuclearsystemmodelandalsocomparedwith
otherapproaches.Thesynthesisofneutron灢richheavyisotopesnearsub灢shelclosureN=162via
transferreactionsinthedampedcolisionsoftwoactinidesandtheinfluenceofshelclosureonthe
productionofheavyisotopesareinvestigated.Prospectivepossibilitytoreachsuperheavynuclei
nearN=184vianeutron灢richradioactivebeamsofhighintensityinthefutureisdiscussed.
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1暋Introduction
Thesynthesisofheavyorsuperheavynucleiis
averyimportantsubjectinnuclearphysicsmotiva灢
tedwithrespecttotheislandofstabilitywhichis
predictedtheoreticaly,andhasobtainedmuchex灢
perimentalresearchwiththefusion灢evaporationre灢
actions[1-2].Theresearchofsuperheavynucleiat灢
tractsmuchattentioninmanyaspects,e.g.,tes灢
tingtheshel modelbeyondthedoublymagicnu灢
cleus208Pb,exploringthelimitofthe massof
atomicnucleusandprovidingagoodenvironment
ofstrongCoulombfieldsuchasquantumelectro灢
dynamics(QED)inthesuper灢strongelectricfield
etc..
The existence of the superheavy nucleus
(SHN)(Z曒106)isduetostrongbindingshel
effectsagainstthelargeCoulombrepulsion.How灢
ever,thesheleffectsgetreducedwithincreasing
theexcitationenergyoftheformedcompoundnu灢
cleus.ThesynthesisofSHNinexperimentaly
goesback30yearsago withthe multi灢nucleon
transferreactionsincolisionsoftwoactinidenu灢
clei[3-4].However,thecrosssectionsoftheheavy
fragmentsinstronglydampedcolisionswerefound
todecreaseveryrapidlywithincreasingtheatomic
number.Combinationswithadoubly magicnu灢
cleusornearly magicnucleusareusualychosen
owingtothelargerreactionQvalues.Reactions
with208Pbor209Bitargetswerefirstproposedby
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Oganessianetal.tosynthesizeSHN[5].Neutron灢
deficientSHNwithchargednumbersZ=107—112
weresynthesizedusingcoldfusionreactionsforthe
firsttimeandinvestigatedat GSI (Darmstadt,
Germany)withtheheavy灢ionacceleratorUNILAC
andtheSHIPseparator[1,6].Experimentsonthe
synthesisofelement113inthe70Zn+209Bireaction
havebeenperformedsuccessfulyatRIKEN (To灢
kyo,Japan)[7].However,itisdifficultytopro灢
duceheavierSHNinthecoldfusionreactionsbe灢
causeofthesmalerproductioncrosssectionsthat
arelowerthan1pbforZ>113.Thesuperheavy
elementsZ=113—118wereassignedattheFlerov
LaboratoryofNuclearReactions(FLNR)inDubna
(Russia)withthedoublemagicnucleus48Cabom灢
bardingactinidenuclei[8-11],inwhich moreneu灢
tron灢richSHNwereproducedandidentifiedbythe
sequential毩decay,unfortunatelythedecaychain
tospontaneousfissionofunknownnuclides.Re灢
cently,superheavyelementsZ=112andZ=114
hasbeenfurtherindependentlyverifiedatGSIand
Berkeley(USA)usingthereactions48Ca+238Uand
48Ca+242Pu,respectively[12-13].New heavyiso灢
topes259Dband265Bhhavealsobeensynthesizedat
HIRFLinLanzhou(China)[14].Ablankspotex灢
istsbetweenthenucleiproducedthecoldfusion
andthe48Cainducedreactions.Furtherexperimen灢
talworksarenecessarytofiltheregionandexam灢
inetheinfluenceofthesheleffectintheproduc灢
tionofheavyorsuperheavyisotopes.Forthatthe
fusion灢evaporationreactionswithneutron灢richra灢
dioactiveionbeamsbombardingactinidetargets
andwiththe multi灢nucleontransferreactionsin
colisionsoftwoactinidesmightbeusedtofilthe
region.Withtheestablishmentofnewfacilityin
theworldsuchasRIBF(RIKEN,Japan),SPI灢
RAL2(GANILinCaen,France)andFRIB(MSU,
USA),itwouldbepossibletosynthesizeneutron灢
richSHN withtheneutron灢richisotopebeamsof
highintensity.Meanwhile,thesearchoflong灢lived
SHNinthenatureisstilgoingon[15].
Areasonableunderstandingoftheformation
dynamicsofSHNinthemassivefusionandtrans灢
ferreactionsisstilachalengefortheory.Upto
now,manytheoreticalmodelshavebeenestab灢
lished,whicharemainlybasedeitheronseveral
macroscopicaldegreesoffreedomsuchastheradial
elongation,massorchargeasymmetrycoupledto
thedynamicaldeformationandtothedissipationof
therelativemotionenergyandtherelativeangular
momentum,oron microscopicaldegreesoffree灢
dom,suchasimprovedisospindependentquantum
moleculardynamics(ImIQMD)model.
Thepaperisorganizedasfolows.Aftergive
asimpleintroductionofthesemodelsinSection2,
wewilshowsomecalculatedresultsoffusiondy灢
namicsandtransferreactionsintheproductionof
heavyorsuperheavyisotopesinSection3.InSec灢
tion4asummaryislisted.
2暋ModelDescriptions
Withperformingthesuccessfulexperimentsin
laboratoriesintheworld,theoreticalmodelsare
beingestablishedforunderstandingtheformation
ofSHN.Itisdifferentfromthelow灢energycoli灢
sionsoflightsystems,thefusiondynamicsinthe
productionofSHNismorecomplicatedbecauseof
thequasi灢fissionreactionsbeforethecompoundnu灢
cleusformation.Inaccordancewiththeevolution
oftwo heavy coliding nuclei,the dynamical
processofthecompoundnucleusformationandthe
decayisusualydividedintothreestages,namely
thecaptureprocessofthecolidingsystemtoover灢
cometheCoulombbarrier,theformationofthe
compoundnucleustopassovertheinnerfusion
barrier,andthede灢excitationoftheexcitedcom灢
poundnucleusbyneutronemissionagainstfission.
Thetransmissioninthecaptureprocessdependson
theincidentenergyandrelativeangularmomentum
oftheincidentnuclei,whichisthesameasthatin
thefusionoflightandmediummasssystems.The
completefusionoftheheavysystemaftercapture
incompetitionwithquasi灢fissionisveryimportant
fortheestimationoftheSHN production.The
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conceptofthe“extra灢push暠energyexplainsthefu灢
sionoftwoheavycolidingnucleiinthemacroscop灢
icdynamicalmodel[16-17].Atpresentitisstildif灢
ficulttomakeanaccuratedescriptionofthefusion
dynamics.Afterthecaptureandthesubsequent
evolutiontoformthecompoundnucleus,thether灢
malcompoundnucleuswildecaybytheemission
oflightparticlesand毭raysagainstfission.The
threestageswilaffecttheformationofevapora灢
tionresiduesobservedinlaboratories.Theevolu灢
tionofthewholeprocessofmassiveheavy灢ioncol灢
lisionsisverycomplicatedatnear灢barrierenergies.
SothefinalcrosssectionintheproductionofSHN
isexpressedasasumoveralpartialwaveswith
angularmomentumJatthecentre灢of灢massenergy
Ec.m.
氁ER(Ec.m.)= 毿淈
2
2毺Ec.m.暺
Jmax
J=0
(2J+1)暳
T(Ec.m.,J)PCN(Ec.m.,J)Wsur(Ec.m.,J).(1)
Here,T(Ec.m.,J)isthetransmissionprobability
ofthetwocolidingnucleiovercomingtheCoulomb
potentialbarrierintheentrancechannel.PCNisthe
probabilitythatthesystem wil evolvefrom a
touchingconfigurationintothecompoundnucleus
incompetitionwiththequasi灢fissionreactionofthe
compositesystem.Thelasttermisthesurvival
probability ofthe thermalcompound nucleus,
whichcanbeestimatedwiththestatisticalevapora灢
tionmodelbyconsideringthecompetitionbetween
neutronevaporationandfission.
Mostofthetheoreticalmethodsontheforma灢
tionofSHNhaveasimilarviewpointinthede灢
scriptionofthecaptureandthede灢excitationsta灢
ges,butthereisadifferentdescriptionofthe
processofthecompoundnucleusformation.There
are mainlytwosortsof models,dependingon
whetherthecompoundnucleusisformedalongthe
radialvariable(internucleardistance)orbynuc灢
leontransferinatouchingconfigurationwhichis
usualytheminimumpositionoftheinteractionpo灢
tentialaftercaptureofthecolidingsystem.Sever灢
altransportmodelshavebeenestablishedtounder灢
standthefusionmechanismoftwoheavycoliding
nucleileadingtoSHNformation,suchasthemac灢
roscopicdynamical model[16-18],thefluctuation灢
dissipationmodel[19],theconceptofnucleoncolec灢
tivization[20], the multi灢dimensional Langevin
equations[21]andthedinuclearsystemmodel[22-24].
Recently,ImIQMDmodelhasbeenappliedtosim灢
ulatethedynamicsoftheproductionofSHNin
massivefusionreactionsandtransferreactionsin
colisionsoftwoactinides[25-28].Thetimedepend灢
entHartree灢Fock(TDHF)approach[29]isalsoused
toinvestigatethedynamicsincolisionsof 238U
+238U.Withthesemodelsexperimentaldatacan
bereproducedtoacertainextent,andsomenew
resultshavebeenpredicted.However,thesemod灢
elsdifferfromeachother,andsometimesdifferent
physicalideasareused.
2.1暋Captureincolisionsoftwoheavynuclei
ThefirststageintheformationofSHNisthat
thecolidingsystempenetrates(coldfusionreac灢
tions)orovercomes(hotfusionreactions)thein灢
teractionpotentialformedbytwocolidingpart灢
ners,whichisacomplicateprocessassociatedwith
thecouplingsofseveraldegreesoffreedomofcoli灢
dingnuclei,suchasradialmotion,nucleontrans灢
fer,dynamicaldeformation,vibrationandrotation
etc..Thecoupledchannelmodelsthatarewel
knowninthedescriptionofheavy灢ionfusionreac灢
tionsforlightsystemsarenolongersuitablefor
thecaptureprocessofheavysystemsowingtothe
largelevelnumbersatlowexcitationenergies.So
thecalculatedcrosssectionsintheregionofsub灢
barrierenergiesaremuchlowerthantheexperi灢
mentaldata.Reasonabledescriptionofthecapture
oftwocolidingnucleiisofimportanceforaccu灢
ratelyestimatingtheSHNcrosssection,especialy
forthecoldfusionreactions.Somephenomenolo灢
gicalapproaches[20,23,30]ormicroscopicaldynamical
models[25-27]havebeenappliedtodescribethecap灢
tureoftwoheavynuclei.Intheconceptofthebar灢
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rierdistributionscheme[31],anasymmetricgaussi灢
anbarriersisusedtocalculatethetransmission
probability.Thecrosssectionreadsas
氁cap(Ec.m.)= 毿淈
2
2毺Ec.m.暺
曓
J=0
(2J+1)T(Ec.m.,J).
(2)
Herethepenetrationprobabilityisgivenby
T(Ec.m.,J)=曇f(B)暳暋暋暋暋暋暋暋暋暋暋暋暋暋
1
1+exp- 2毿淈氊(J)Ec.m.-B-
淈2
2毺R2B(J)
J(J+1[ ]{ })
dB ,
(3)
wherethe淈氊(J)isthewidthoftheparabolicform
oftheinteractionpotentialatthepositionofCou灢
lombbarrierRB.Thebarrierdistributionfunction
istakenasanasymmetricGaussianform
f(B)=1Nexp -
B-Bm
殼
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f(B)=1Nexp -
B-Bm
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atB>Bm withtherelationsBm=(Bw+Bs)/2,殼2
=(Bw-Bs)/2and殼1=殼2-毮.毮ischangedtore灢
produce experimental excitation functions and
usualyissettobe2—4MeVinthecalculation.N
isthenormalizationconstant.Bw andBsarethe
heightsoftheCoulombbarrieratwaist灢to灢waist
orientationandoftheminimumbarrierwithvar灢
yingthedynamicaldeformations毬1and毬2ofpro灢
jectileandtarget,respectively.
Theinteractionpotentialreadsas
V({毩})=VC({毩})+VN({毩})+暋暋暋暋暋
暋暋暋 12C1
(毬1-毬01)2+
1
2C2
(毬2-毬02)2,(4)
wherethe{毩}denotesthesymbolofquantitiesr,
毬1,毬2,毴1and毴2.毬1,2and毬01,2 arethedynamical
andstaticparametersofquadrupoledeformation
withsign1forprojectileand2fortarget,respec灢
tively.毴1,2arethepolaranglesbetweentheradius
vectorrandthesymmetryaxesofstaticalyde灢
formednuclei.Withthesamepotentialinthecal灢
culationofthepotentialenergysurfaceintheDNS
model,Coulomb potentialVC is obtained by
Wong,sformulaandthenuclearpotentialVNcalcu灢
latedbyusingthedouble灢foldingmethodbasedon
Skyrmeforce[24].Thestiffnesscoefficientiscalcu灢
latedbyliquid灢dropmodelas
C=4R2N氁- 310毿
Z2e2
RN
foronlyincludingquadrupoledeformationwiththe
surfacetensioncoefficient氁andthenucleusradius
RN.Ifsupposingtheratioofdeformationenergyis
dependentonthemassnumberasC1(毬1-毬01)2/
C2(毬2-毬02)2=A1/A2,thedynamicaldeformation
canberepresentedbyonlyoneparameter毬=毬1+
毬2.Fig.1istheCoulombbarrierasafunctionof
thedynamicaldeformation.Thebarriersatthe
nose灢nosecolisionsandatthesaddlepointare
signedinthefigure.Onecanseethataminimum
barrierappearswiththedynamicaldeformationand
muchlowthanthestaticbarrier,whichenhances
thesub灢barriercrosssection.ShowninFig.2is
thetransmissionprobabilityandcapturecrosssec灢
tionasafunctionofangularmomentumatdiffer灢
entincidentenergiesaslabeledinthefigurewhich
correspondtothecompoundexcitationenergiesof
8,12and16MeV,respectively.Wealsocalcula灢
tedthecapturecrosssectionsforthesystem 48Ca
+238Uandcomparedwiththeexperimentaldata[32]
asshowninFig.3.Thebarrierdistributionap灢
proachcanreproducetheexperimentaldatarather
wel.
Fig.1DependenceoftheCoulombbarrieronthedynamical
deformationinthereaction48Ca+238U.
Althoughtheexperimentaldatacanberepro灢
ducedbythephenomenologicalbarrierdistribution
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approach,thecapturecrosssectioninthesub灢bar灢
rierregionissensitivetothevalueoftheparameter
殼1andthedynamicsofthecaptureprocessincoli灢
sionsoftwoheavynuclidesshouldbestudiedin
detail.Forthat,wedevelopedtheisospindepen灢
dentquantum moleculardynamics(IQMD),name灢
lytheImIQMDmodel[26-27].Thefusion(forlight
systems)orcapturecrosssectioniscalculatedby
氁cap(E)=2毿曇
bmax
0
bpcap(E,b)db暋暋 暋
=2毿暺
bmax
b=殼b
bpcap(E,b)殼b, (5)
Fig.2Calculatedpartialtransmissionprobabilityandpartial
capturecrosssectioninthereaction70Zn+208Pbatdif灢
ferentincidentenergies.
Fig.3Comparisonofthecalculatedcaptureexcitationfunc灢
tionswiththeavailableexperimentaldata.
wherepfusstandsforthefusionprobabilityandis
givenbytheratioofthefusioneventsNfustothe
totaleventsNtot.Withintheframeworkofthe
ImIQMD model,thefusiondynamicsorcapture
dynamicsinlow灢energyheavy灢ioncolisionshas
beeninvestigatedsystematicaly,suchasthestatic
and dynamicalinteraction potential,dynamical
barrierdistribution,neckdynamics(then/pratio
intheneckregion,nucleontransfer,neckradius
evolutionetc.)andfusionorcaptureexcitation
functions.ShowninFig.4isacomparisonofthe
calculatedstaticanddynamicalinteractionpoten灢
Fig.4Comparisonofthestaticfusionbarriers (including
pole灢to灢poleand waist灢to灢waistcolisions),adiabatic
barrier,proximityresultsanddynamicalbarriersat
differentincidentc.m.energiesforthereaction48Ca
+238U (a),aswelassystemdependenceofthestatic
anddynamicalfusionbarriers(b).
tialsforheadoncolisionsofthereactionsystems
48Ca+238Uintheleftpaneland36S+90,96Zrinthe
rightpanel.Thestaticinteractionpotentialmeans
thatthedensitydistributionofprojectileandtarget
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isalwaysassumedtobethesameasthatatinitial
time,whichisadiabaticprocessanddependson
thecolisionorientationsandthemassasymmetry
ofthereaction systems.Forcomparison,the
proximityresults[33]andtheadiabaticbarrieras
mentionedinRef.[34]arealsoshowninthefigure
andthecorrespondingbarrierheightsareindicated
forthevariouscases.However,forarealistic
heavy灢ioncolision,thedensitydistributionofthe
wholesystem wilevolvewiththereactiontime,
whichisstronglydependentontheincidentenergy
andimpactparameterforagivensystem.Inthe
calculationofthedynamicalpotentials,weonly
payattentiontothefusionevents,whichgivethe
fusiondynamicalbarrier.Atthesametime,sto灢
chasticrotationisperformedfordifferentsimula灢
tionevents.Onecanseethattheheightsofthedy灢
namicalbarriersarereducedgradualywithdecrea灢
singtheincidentenergyandincreasingtheneutron
numberofthetargetnucleus.Theloweringofthe
dynamicalfusionbarrierisinfavoroftheenhance灢
mentofthesub灢barriercrosssections,whichgives
the same concept with the phenomenological
barrierdistributionapproachthatisusedinDNS
calculations[23-24].
Toexploremoreinformationonthefusiondy灢
namics,wealsoinvestigatethedistributionofthe
dynamicalfusionbarrier,whichcountsthedyna灢
micalbarrierperfusioneventandsatisfiesthecon灢
dition曇f(Bfus)dBfus=1.Fig.5showsthebarrier
distributionforheadoncolisionsof58Ni+58Niat
thecenterofmassincidentenergies96and100
MeV,respectively,whichcorrespondtobelowand
abovethestaticbarrierVb=97.32MeVandacom灢
parisonwiththesystem 64Ni+64Ni.Thedistribu灢
tiontrendstowardsthelow灢barrierregionwithde灢
creasingtheincidentenergy,whichcanbeex灢
plainedbytheslowevolutionofthecolidingsys灢
tem.Thesystemhasenoughtimetoexchangeand
reorganizenucleonsofthereaction partnersat
lowerincidentenergies.Anumberoffusionevents
arelocatedatthesub灢barrierregion,whichisfa灢
vorabletoenhancesub灢barrierfusioncrosssec灢
tions.Thereisalittledistributionprobabilitythat
thefusionbarrierishigherthantheincidentenergy
96 MeV owingto dynamicalevolution oftwo
touchingnuclei.Weshouldnotethatthefusione灢
ventsdecreasedramaticalywithincidentenergyin
thesub灢barrierregion.Neutron灢richersystemhas
thedistributiontowardsthelow灢barrierregionow灢
ingtothelowerdynamicalfusionbarrier,which
favorstheenhancementofthefusioncrosssection.
InFig.6wepresentacomparisonofthecalculated
capturecrosssectionsandtheavailableexperimen灢
taldataforaseriesofreactionsystems.Onecan
seethatthecalculatedresultsareingoodagree灢
mentwiththeexperimentaldata.
Fig.5 (a)Distributionofthedynamicalfusionbarriersatin灢
cidentenergies96and100MeVinthecenterofmass
frameand(b)comparisonofthesystems58Ni+58Ni
and64Ni+64Ni.
2.2暋Fusionincompetitionwithquasi灢fissionreac灢
tion
Thefusionincompetition withquasi灢fission
reactionaftercaptureofcolidingpartnersbythe
interactionpotentialisacomplicateprocessassoci灢
atedwithevolutionofmulti灢dimensionalconfigura灢
tions.Thecolisionorientationandthestructure
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effectofcolidingnucleihaveastronginfluenceon
thefinalproductionofcompoundnucleus.Thedis灢
sipationoftheangularmomentumandtherelative
motionofkineticenergyiscoupledto nucleon
transferintheevolutionoftheshapefromatou灢
ching configuration to spherical compound
nucleus.Thefusioncrosssectionisgivenby
氁fus(Ec.m.)= 毿淈
2
2毺Ec.m.暺
曓
J=0
(2J+1)T(Ec.m.,J)暳
PCN(Ec.m.,J). (6)
Theoreticalmodelsassociatedwithseveraldegree灢
soffreedomsuchasmass(charge)asymmetry,ra灢
dialelongation,neckevolutionanddeformation
dynamicsetc.,arebasedondifferentideastoget
thefusionprobabilityPCN.Wewilgiveasimple
introductionofthesemodelsfordescribingthefor灢
mationofSHNinmassivefusionreactions.
Fig.6 Comparisonofthecalculatedcaptureexcitationfunctionsandexperimentaldatafortheselectedreactionsystems.
2.2.1暋Macroscopicaldynamicsmodel
Themacroscopicaldynamicalmodelisthefirst
approachforunderstandingtheformationofSHN
proposedby W.J.Swiateckiand hisco灢wor灢
kers[16-18],inwhichthenucleusisassumedtobe
likeastickingliquid灢dropandthefusionorre灢sepa灢
rationoftwocolidingnucleiisapuredynamics
basedontheschemeof‘chaoticregimedynamics暞
(liquid灢droppotentialenergyplusone灢bodydissi灢
pation)atfrozenmassasymmetry.Classicalequa灢
tionsofmotionareusedtodescribetheradialand
angular momentum dissipationfortwocoliding
nucleiasfolows:
毺
灥2R
灥t2 =-
灥Vl(R)
灥R -CRg
(R)灥R灥t
, (7)
灥l
灥t=-
Cl
毺
g(R)(l-lst). (8)
Here毺,landlstarethereducedmass,relativean灢
gularmomentumandstickingangularmomentum,
respectively.CRandClaretheradialandtangential
frictioncoefficientsandVl(R)forthenucleus灢nu灢
cleuspotential.
Withintheframeworkofthismodel,acoli灢
dingsystemfaceswiththreehurdlesforfusingto灢
gether,namely,thetouchingconfiguration,the
conditionalsaddle灢pointconfigurationandtheun灢
conditionalsaddle灢pointconfiguration.Theideas
ofthe‘extrapush暞and‘extra灢extrapush暞ener灢
giesareintroducedinthemodel,whichareextra
energiestocarrythesystemfromthefirsttose灢
condhurdleandfromthefirsttothethirdhurdle,
respectively.Theelasticorquasi灢elasticscattering
takesplacewhenthetrajectoriesdoesnotovercome
thethresholdatthetouchingconfiguration.The
configurationisusualyclosethetopoftheone灢di灢
mensionalinteractionpotentialenergyoftwoap灢
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proachingnuclei.Adinucleusshapeisformedin
theconditionalsaddle灢pointconfiguration.Theen灢
ergyofconditionalequilibriumisonlystationary
ontheconditionthatthemassasymmetryisfixed
(smalnessoftheneck).Whentheconstrictionis
notsevere,theconfigurationlosesitsphysicalsig灢
nificance.Thedeepinelasticscatteringcorresponds
tothetrajectoriesthatovercomethecontactcon灢
figurationbutnotthelasttwohurdles.Theun灢
conditionalsaddle灢pointconfigurationislikethe
fissionsaddle灢pointshapeanda mononucleusis
formed.Theassociatedfissionbarrierensuresthe
existenceofcompoundnucleusagainstdisintegra灢
tion.Forasystem withlargeelectricchargeand
angularmomentum,thefissionbarrierdisappears
andthecompoundnucleusdoesnotexist.The
trajectoriesthatovercometheformerhurdles,but
notthefinaloneleadstothefastfissionreactions.
The macroscopicaldynamical modelsuccessfuly
explains the suppression of SHN production.
Problemsarethatthesheleffect,nucleontrans灢
fer,orientationeffect,andfluctuationetc.inthe
formationofcompoundnucleusdonotincludein
themodel.
2.2.2暋Fluctuation灢dissipationmodel
Twomainimprovementswereperformedin
thefluctuation灢dissipationmodelbasedonthemac灢
roscopicaldynamicalmodel,namelythefluctua灢
tioninthecolisionprocessandthesheleffectin
thepotentialenergy.Thetimeevolutionofthecol灢
lectivedegreesoffreedomisgivenbythefolowing
Langevinequationas
md
2q
dt2=-
灥V(q,t)
灥q -
毭dqdt+g殻
(t), (9)
wheremand毭aretheinertialmassandfrictionco灢
efficient.ThelasttermdenotestheLangevinforce
varyingrandomlywithtime,whichhastherela灢
tionbythefluctuation灢dissipationtheoremas
暣殻(t)殻(t曚)暤=2毮(t-t曚) (10)
withg= 毭T,Tisthetemperatureofthesys灢
tem.Thepotentialenergyincludestheshelcor灢
rectionandtimedependence.Inthelimitofstrong
dissipation (毭曻 曓 ),the above equation be灢
comes[35]
dq
dt=-
1
毭
灥V(q,t)
灥q +
g
毭殻
(t). (11)
ThecorrespondingdistributionprobabilityP(q,l;
t)integratingovermomentumisgivenbySmolu灢
chowskiequation
灥P(q,l;t)
灥t =暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋
灥
灥q
1
毭
灥V(q,l;t)
灥q +
T
毭
灥
灥
æ
è
ç
ö
ø
÷
q P
(q,l;t).(12)
Theevaporationresiduecrosssectionisdefinedas
theprobabilityintegratingovertheleftsideatthe
fissionbarrierinthefinalstageofthecooling
process[19].TheprobabilityofSHNproductionis
givenby
Peva(l,t)=暺
qsad
-曓
P(q,l;t)dq, (13)
whereqsadrepresentsthepositionofthefirstsaddle
point.Theevaporationresiduecrosssectioniscal灢
culatedby
氁ER(Ec.m.)= 毿淈
2
2毺Ec.m.暺
lmax
l=0
(2l+1)暳
Peva(l,t=曓). (14)
Thefluctuation灢dissipationmodelhasbeenapplied
toinvestigatetheproductioncrosssectionofSHN,
quasi灢fissionyields,reactionmechanismofprodu灢
cingSHNetc..
Withthe concept oftwo灢step model,the
stickingandformationprobabilitiesofthetwocol灢
lidingpartnersareobtainedbysolvingasetofLan灢
gevinequations[36].Thesheleffectinthefusion
dynamicsisconsideredinthemodel.Calculatedre灢
sultsofthefusioncrosssectionsandevaporation
residuesareconsistentwithexperimentaldata.
2.2.3暋Nucleoncolectivizationmodel
Acertainnumberofsharednucleonswereas灢
sumedinthenucleoncolectivization modelafter
thecolidingsystemovercomestheCoulombbarri灢
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erandgetsincontact.Thesenucleonsmovewithin
thewholevolumeoccupiedbythenuclearsystem
andformsomethingsimilartoaneck.Inthedy灢
namicalevolution,thenumberofsuchcolectivized
nucleonsincreaseswhereasthenumberofnucleons
belongingtoeachindividualnucleusdecreases[20].
Thecompoundnucleusisformedwhenthecom灢
monnucleonsexpandintothewholesystem.The
inverseprocessofnucleonde灢colectivizationleads
tothefissionchannelofheavynucleus.Theexper灢
imentalevaporationresiduecrosssectionswerere灢
producedratherwelbythenucleoncolectivization
model.However,thesheleffect,colisionorien灢
tationanddynamicaldeformationarenotincluded
inthemodel.
2.2.4暋MultidimensionalLangevinequations
AunifiedapproachwasproposedbyZagrebaev
andGreiner,inwhichthedeepinelasticscattering,
quasi灢fissionandfusion灢fissionweretreatedbya
setofcoupledLangevinequations[21].Sevenmac灢
roscopicdegreesoffreedomcoupledtotherelative
motionofradialmomentumandthedissipationof
angularmomentumareincludedinthemodel.In灢
fluenceofdynamicalevolutionontheintermediate
andfinalproductsareanalyzedandanumberof
calculationsareperformedbythemodel,suchas
theangular,kineticenergyandchargedistribu灢
tionsofthefinalfragments,thechargeandmass
distributionsofTKE,primaryandsurvivedcross
sectionsoffragmentsetc..Theevaporationresi灢
duecrosssectionswerecalculatedandexperimental
canbewelreproduced.Largerproductioncross
sectionsofneutron灢richheavyisotopesinmultinu灢
cleontransferreactionsnearsub灢shelclosurewere
pointedoutbycalculationswithinthemodel[37].
2.2.5暋Fusionbydiffusionmodel
Thefusionprocesstoformacompoundnu灢
cleusafterovercomingtheCoulombbarrieristrea灢
tedasthediffusionofone灢dimensionalBrownian
motioninaviscousfluidwitharepulsiveparabolic
potentialV(L)=-b(L-Lmax)2/2byelongation
L[30].TheSmoluchowskiequationisusedtode灢
scribetheevolutionofthedistributionprobability
G灥P
(L,t)
灥t =-
灥(bLP(L,t))
灥L +T
灥2P(L,t)
灥L2 .
(15)
HereGistheviscositycoefficientofthefluid.A
deltafunctiondistributionisassumedattheinjec灢
tionpointLinjandP(L,t)isa monotonicaly
swelingGaussiandistributionwiththetimeevolu灢
tion.Theportion ofthe Gaussian distribution
overcomesthebarrierasttendstoinfinityandthe
probabilityisgivenby
P(diffuse)=12
(1-erf H/T),
Linj 曒Lmax (16)
P(diffuse)=12
(1+erf H/T),
Linj <Lmax (17)
HereHistheheightofthebarrieropposingfusion
alongtheasymmetricfissionvaley.
Basedontheconceptofthediffusionprocess,
LiuZuhuaandBaoJingdongmadeanimprovement
thatincludedtheneutronflowintheearlystageof
theevolution[38]andthediffusionwasdescribedby
atwo灢variableSmoluchowskiequation[39—41]
灥P(x,y,t)
灥t =暋暋暋暋暋暋暋暋暋暋暋暋暋暋暋
[Lx(x,y)+毭Ly(x,y)]P(x,y,t).(18)
ThequantitiesLxandLyaregivenby
Lx(x,y)=-灥Dx
(x,y)
灥x +Dxx
灥2
灥x2
, (19)
Ly(x,y)=-灥Dy
(x,y)
灥y +
Dyy 灥
2
灥y2
. (20)
Hereyrepresentstheneutronnumberoflightnu灢
cleus.Anumberofcalculationsandpredictionsof
SHNwereperformedbytheapproach.Theinflu灢
enceofsheleffectandcolisionorientationonthe
fusiondynamicsisnotincludedinthemodel.
2.2.6暋Dinuclearsystemmodel
Thedinuclearsystem(DNS)[42]isamolecular
configurationoftwotouchingnucleiwhichkeep
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theirownindividuality.Suchasystemhasanevo灢
lutionalongtwomaindegreesoffreedom:(1)the
relativemotionofthenucleiintheinteractionpo灢
tentialtoformaDNSandthedecayoftheDNS
(quasi灢fissionprocess)alongtheRdegreeoffree灢
dom (internuclearmotion);(2)thetransferofnu灢
cleonsinthemassasymmetrycoordinate毲=(A1-
A2)/(A1+A2)betweentwonuclei,whichisadif灢
fusionprocessoftheexcitedsystemsleadingtothe
compoundnucleusformation.Off灢diagonaldiffu灢
sioninthesurface(A1,R)isnotconsideredsince
weassumetheDNSisformedattheminimumpo灢
sitionoftheinteractionpotentialoftwocoliding
nuclei.Theneckevolutionissettobefrozeninthe
DNSmodel.
WithintheconceptoftheDNS,thefusion
probabilitywasalsocalculatedbyusingthemulti灢
dimensionalKramers灢typeexpressiontogetthefu灢
sionandquasifissionratebyAdamianetal.[22].In
ordertodescribethefusiondynamicsasadiffusion
processalongprotonandneutrondegreesoffree灢
dom,thefusionprobabilityisobtainedbysolving
asetofmasterequationsnumericalyinthepoten灢
tialenergysurfaceoftheDNS.Thetimeevolution
ofthedistributionprobabilityfunctionP(Z1,N1,
E1,t)forfragment1withprotonnumberZ1and
neutronnumberN1andwithexcitationenergyE1
isdescribedbythefolowingmasterequations,
dP(Z1,N1,E1,t)
dt = 暋暋暋暋暋暋暋暋暋暋暋暋暋暋
暺
Z曚1
WZ1,N1;Z曚1,N1(t)[dZ1,N1P(Z
曚
1,N1,E曚1,t)-
dZ曚1,N1P(Z1,N1,E1,t)]+暺
N曚1
WZ1,N1;Z1,N曚1(t)暳
[dZ1,N1P(Z1,N
曚
1,E曚1,t)-dZ1,N曚1P(Z1,N1,E1,t)]-
毇qf(毃(t))+毇fis(毃(t[ ]))P(Z1,N1,E1,t). (21)
HereWZ1,N1;Z曚1,N1(WZ1,N1;Z1,N曚1)isthemeantran灢
sitionprobabilityfromthechannel(Z1,N1,E1)
to(Z曚1,N1,E曚1)(or(Z1,N1,E1)to(Z1,N曚1,
E曚1)),anddZ1,N1 denotesthemicroscopicdimen灢
sioncorrespondingtothemacroscopicstate(Z1,
N1,E1).Thesumistakenoveralpossibleproton
andneutronnumbersthatfragmentZ曚1,N曚1 may
take,butonlyonenucleontransferisconsideredin
themodelwiththerelationZ曚1=Z1暲1andN曚1=
N1暲1.TheexcitationenergyE1isdeterminedby
thedissipationenergyfromtherelativemotionand
thepotentialenergysurfaceoftheDNS.Themo灢
tionofnucleonsintheinteractingpotentialisgo灢
vernedbythesingle灢particle Hamiltonian[23-24].
TheevolutionoftheDNSalongthevariableR
leadstothequasi灢fissionoftheDNS.Thequasi灢
fissionrate毇qfandthefissionrate毇fis ofheavy
fragmentareestimatedwiththeone灢dimensional
Kramersformula[23,43].Thesingle灢particleHamil灢
tonianisgivenby[23,44]
H(t)=H0(t)+V(t) (22)
with
H0(t)=暺
K
暺
毻K
毰毻K(t)a
昄
毻K
(t)a毻K(t),
V(t)=暺
K,K曚
暺
毩K,毬K曚
u毩K,毬K曚(t)a
昄
毩K
(t)a毬K曚(t)
=暺
K,K曚
VK,K曚(t). (23)
HeretheindicesK,K曚(K,K曚=1,2)denotethe
fragments1and2.Thequantities毰毻K andu毩K,毬K曚
representthesingleparticleenergiesandtheinter灢
action matrixelements,respectively.Thesingle
particlestatesaredefinedwithrespecttothecen灢
tersoftheinteractingnucleiandareassumedtobe
orthogonalizedintheoverlapregion.Sotheannihi灢
lation andcreation operatorsaredependenton
time.Thesingleparticlematrixelementsarepa灢
rameterizedby
u毩K,毬K曚(t)=UK,K曚(t)暳暋暋暋暋暋暋暋暋暋暋暋
exp -12
毰毩K(t)-毰毬K曚(t)
殼K,K曚(t
æ
è
ç
ö
ø
÷
)
é
ë
êê
ù
û
úú
2
-毮毩K,毬K{ }曚 ,
(24)
which contains some parameters UK,K曚(t)and
殼K,K曚(t).Thedetailedcalculationoftheseparame灢
tersandthemeantransitionprobabilitieswerede灢
scribedinRefs.[23,44].Theevolutionofthe
DNSalongthevariableRleadstothequasi灢fission
oftheDNS.
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Intherelaxationprocessoftherelativemo灢
tion,theDNSwilbeexcitedduetothedissipation
oftherelativekineticenergy.Theexcitedsystem
opensavalencespace殼毰K infragmentK(K=1,
2),whichhasasymmetricaldistributionaround
theFermisurface.Onlytheparticlesinthestates
withinthevalencespaceareactivelyinvolvedinex灢
citationandtransfer.Theaveragesonthesequan灢
titiesareperformedinthevalencespace:
殼毰K =
4毰*K
gK
,暋毰*K =毰*AKA
,暋gK=AK12
,
(25)
where毰*isthelocalexcitationenergyoftheDNS,
whichprovidestheexcitationenergyforthemean
transitionprobability.ThereareNK=gK殼毰K va灢
lencestatesandmK=NK/2valencenucleonsinthe
valencespace殼毰K,whichgivethedimension
d(m1,m2)=
N1
m
æ
è
ç
ö
ø
÷
1
N2
m
æ
è
ç
ö
ø
÷
2
.
Thelocalexcitationenergyisdefinedas
毰* =Ex- U(A1,A2)-U(AP,AT( )).(26)
HereU(A1,A2)andU(AP,AT)arethedriving
potentialsoffragmentsA1,A2andfragmentsAP,
AT(attheentrancepointoftheDNS),respective灢
ly.TheexcitationenergyExofthecompositesys灢
temisconvertedfromtherelativekineticenergy
loss,whichisrelatedtotheCoulombbarrierB[24]
anddeterminedforeachinitialrelativeangularmo灢
mentumJbytheparametrization methodofthe
classicaldeflectionfunction[45-46].SoExiscoupled
withtherelativeangularmomentum.Thedissipa灢
tionoftherelativeangularmomentumandtherel灢
ativemotionofkineticenergyisgivenindetailin
Ref.[47].
Thelocalexcitationenergyisdeterminedby
theexcitationenergyofthecompositesystemand
thepotentialenergysurfaceoftheDNS.Thepo灢
tentialenergysurface(PES)oftheDNSisgivenby
U({毩})=B(Z1,N1)+B(Z2,N2)-暋暋暋暋
暋暋 B(Z,N)+VCNrot(J[ ])+V({毩}) (27)
withZ1+Z2=ZandN1+N2=N.Herethesym灢
bol{毩}denotesthesignofthequantitiesZ1,N1,
Z2,N2;J,R;毬01,毬02,毴1,毴2.TheB(Zi,Ni)(i
=1,2)andB(Z,N)arethenegativebindingen灢
ergiesofthefragment(Zi,Ni)andthecompound
nucleus(Z,N),respectively,whicharecalculated
fromtheliquiddropmodel,inwhichthesheland
thepairingcorrectionsareincludedreasonably.
VCNrot is the rotation energy of the compound
nucleus.毬0irepresentthequadrupoledeformations
ofthetwofragments.毴idenotetheanglesbetween
thecolisionorientationsandthesymmetryaxesof
deformednuclei.Theinteractionpotentialbetween
fragment(Z1,N1)and(Z2,N2)includesthenu灢
clear,Coulombandcentrifugalparts,thedetails
aregiveninRef.[24].Inthecalculation,thedis灢
tanceRbetweenthecentersofthetwofragments
ischosentobethevaluewhichgivestheminimum
oftheinteractionpotential,inwhichtheDNSis
consideredtobeformed.SothePESdependson
theprotonandneutronnumbersofthefragment.
InFig.7wegivethepotentialenergysurfaceinthe
reaction 30Si+ 252Cfasfunctionsofprotonsand
neutronsofthefragmentsintheleftpanel(2D
PES).Theincidentpointisshownbytheopencir灢
cleandtheminimumtrajectoryinthePESisadded
bythewhiteline.Thedrivingpotentialasafunc灢
tionofthemassasymmetryoftwofragments毲=
(A1-A2)/(A1+A2)(1DPES)thatwascalcula灢
tedinRefs.[23-24,48]isgivenintherightpan灢
elandalsocomparedwiththeminimumtrajectory
ofthe2DPESshownintheleftpanel.Inthe1D
PES,wechosethewaywhichgivestheminimum
valueofthePESaftertransferringprotonorneu灢
tronfromtheincidentpoint.Sothe1DPESonly
dependsonthemassasymmetryoftwofragments
(onedegreeoffreedom).Forthesystem 30Si+
252Cf,thedrivingpotentialattheincidentpointin
1DPESislocatedatthepositionofthemaximum
value,sothereisnoinnerfusionbarrier,whichre灢
sultsintoolargefusionprobability.Therefore,we
solvethemasterequationswithinthe2DPESin
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ordertocorrectlygetthefusionprobabilityfor
thosesystemswithlargerentrancemassasymme灢
triesand quadrupole deformations (2D master
equations)[49].Themasterequationscanbealso
solvedwithinthe1DPES(1D masterequations).
Bothmethodsgivethesamevaluesforthesystems
withthesmalerprojectile灢target massasymme灢
triesandalsosmalerquadrupoledeformationsof
theinitialcombinations,suchasthecoldfusionre灢
actions.
Fig.7ThepotentialenergysurfaceoftheDNSinthereac灢
tion30Si+252Cfasfunctionsoftheprotonsandneu灢
tronsofthefragments(a)andthemassasymmetry
coordinate(b).
Theformationprobabilityofthecompound
nucleusattheCoulombbarrierBandfortheangu灢
larmomentumJisgivenby[23-24]
PCN(Ec.m.,J,B)=暺
ZBG
Z1=1
暺
NBG
N1=1
P(Z1,N1,E1,氂int).
(28)
Theinteractiontime氂intinthedissipationprocess
oftwocolidingpartnersisdependentontheinci灢
dentenergyEc.m.andthequantitiesJandB.We
obtainthefusionprobabilityas
PCN(Ec.m.,J)=曇f(B)PCN(Ec.m.,J,B)dB ,
(29)
wherethebarrierdistributionfunctionistakenas
anasymmetricGaussianform.
2.3暋Survivalprobabilityofsuperheavynucleus
Theexcitedheavyorsuperheavycompound
nucleusformedbyfusingtwocolidingpartnersin
competitionwithquasi灢fissionreactionwildisinte灢
grateintotwopartsowingtofissionprocesswith
largerprobability,andmorefragmentswithemit灢
tingneutrons,lightchargedparticlesand毭rays.
Superheavyresiduesobservedexperimentalyare
theyieldsafterthethermalcompoundnucleieva灢
poratelightparticlesor毭raysincompetitionwith
fissionreactions.Thebranchratioisdetermined
bythedecaywidth,whichcanbecalculatedbythe
statisticalmodel.Ifsupposingtheelectricdipole
radiationisprimaryinthe毭emission,theevapora灢
tionwidthiswrittenas[50]
殻毭(E* ,J)= 3
氀(E*,J)
暳暋暋暋暋暋暋暋暋暋暋
曇
E毭
0
氀(E* -Erot-毰,J)fE1(毰)d毰, (30)
wheretheE毭=E* -Erot-殼isgivenbytheexcita灢
tionenergyE* ,therotationenergyErot=J(J+1)
暳淈2/2毼withthemomentofinertia毼=0.4毸MR2
andthepairingenergy殼=12氈/ Ain MeV(氈=
-1,0and1forodd灢odd,odd灢evenandeven灢even
nuclei,respectively).HereMandRarethemass
andradiusofthecompoundnucleus,andthecoef灢
ficient毸=0.4isthefactorforcorrectingtherigid灢
bodyapproximation.Thestrengthfunctionisgiv灢
enby
fE1(毰)=43毿
1+毷
mc2
e2
淈c
NZ
A
殻G毰4
(殻G毰)2+(EG2-毰2)2
(31)
with毷=0.75.Herem,殻GandEGarethenucleon
mass,widthandenergyofthedipoleresonance,
respectively.Forheavynucleus[51],theyaretaken
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as殻G=5MeVand
EG= 167.23
A1/3 1.959+14.074A-1/3
暋MeV.(32)
Theevaporationwidthofthelightparticlesis
usualycalculatedbyusingtheWeisskopf暞sevapo灢
rationmodel[52]
殻毻(E*,J)=(2s毻+1) m毻毿2淈2氀(E* ,J)曇
E毻
0
毰暳
氀(E* -B毻-毮n-Erot-毰,J)氁inv(毰)d毰,(33)
wheres毻,m毻andB毻arespin,massandbindingen灢
ergyofevaporatingparticle毻andE毻=E* -B毻-
Erot-殼-毮n.毮nisafactorforrevisingneutron
evaporation,whichistakenas毮n=12/ Aforodd灢
neutron and even灢proton nucleus,毮n=0 for
others[53].Theinversecrosssectionreadsas
氁inv(毰)=毿R2毻 1-V毻æè
ç
ö
ø
÷
毰 暋for毰曒V毻
=0暋for毰<V毻 (34)
with
R毻=1.21[(A-A毻)1/3+A1/3毻 ]+(3.4/毰)毮毻,n,
(35)
whereA毻isthemassnumberofemittingparticles
毻(n,p,d,毩,..). The Coulomb barrier of
chargedparticlesisgivenby
V毻=K毻
(Z-Z毻)Z毻
R毻+1.6
暋MeV , (36)
andK毻=1.15forproton,K毻=1.32fordand毩.
Thefission widthis usualy calculated by
Bohr灢Wheelerformula[54]
殻f(E*,J)= 12毿氀f(E* ,J)
暳
曇
Ef
0
氀f(E* -Bf-毮f-Erot-毰,J)d毰
1+exp[-2毿(E* -Bf-Erot-毰)/淈氊]
,
(37)
wherethewidthofpotentialpocketistakenas淈氊
=2.2MeVandEf=E* -Bf-Erot-殼-毮f.毮fisa
correctfactorofthefissionbarrierBf,whichisset
tobe毮f=毮foreven灢A nucleus,and毮f=0for
others.Thefissionbarrierincludesthe macro灢
scopicalpartandthemicroscopicalshelcorrection
as
Bf(E*)=BLDf -Eshexp(-毭E*). (38)
Herethemacroscopicalfissionbarrieriscalculated
byLiquid灢Dropmodel[55]
BLDf =
0.38(0.75-x)Es0,暋1/3<x<2/3
0.83(1-x)3Es0,暋2/3曑x<{ 1
(39)
withthefissilityparameterx=EC0/2Es0.HereEC0
andEs0aretheCoulombandsurfaceenergyofthe
compoundnucleus,respectively,whicharegiven
bythewelknownMyers灢Swiateckimassformula
as[56]
EC0=0.7053Z2/A1/3暋MeV , (40)
Es0=17.944[1-1.7826毲2]A2
/3暋MeV (41)
withrelativeneutronexcess毲=(N-Z)/A.The
shelcorrectionenergyEshcanbegetfromnuclear
masstables[57].Theleveldensityparameterinthe
calculationofthefissionwidthissettobeaf=1.1a
fortheleveldensityatsaddlepoint氀f .Shownin
Fig.8isthedecaywidthofthefission,lightparti灢
Fig.8Excitationenergydependenceofthedecaywidthof
compoundnucleus290114atJ=0.
clesand毭raysasafunctionoftheexcitationener灢
gyofthecompoundnucleus290114atangularmo灢
mentumJ=0.Onecanseethat毭raysonlyhave
contributionatlow excitationenergy (E* <10
MeV).Thelightparticlescanbeemittedatexcita灢
tionenergieslargerthantheirbindingenergies.
Therefore,thecompetition betweenfissionand
neutronevaporationisdominantintherangeof
SHNsynthesisatexcitationenergies8MeV<E*
<60MeV.
Theleveldensityatgroundstateisexpressed
bytheback灢shiftedBetheformula[58]withthespin
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cut灢offmodelas
氀(E*,J)=KrotKvib
2J+1
242氁3
a-1/4(E* -殼)-5/4暳
exp[2 a(E* -殼)-
(J+1/2)2
2氁2
], (42)
whereKrotandKvibarethecoefficientsoftherota灢
tionalandvibrationalenhancements.Thespincut灢
offparameteriscalculatedbytheformula:
氁2=T毱r.b淈2
, (43)
wheretherigid灢bodymomentofinertiahasarela灢
tion毱r.b=0.4MR2 withnuclearmassMandradius
R.Theleveldensityparameterisrelatedtothe
shelcorrectionenergyEsh(Z,N)andtheexcita灢
tionenergyE* ofthenucleusas
a(E*,Z,N)=焿a(A)暳暋暋暋暋暋暋暋暋暋暋暋
暋暋暋暋1+Esh
(Z,N)f(E* -殼)
(E* -殼)
. (44)
Here,焿a(A)=毩A+毬A2
/3bsistheasymptoticFer灢
mi灢gasvalueoftheleveldensityparameterathigh
excitationenergy.Theshel dampingfactoris
givenby
f(E*)=1-exp(-毭E*) (45)
with毭=焿a/(毰A4/3).Aloftheusedparametersin
theDNScalculationarelistedinTable1.InFig.9
wegivetheleveldensityparametersofdifferent
nuclidesatgroundstatecomparedthem withtwo
empiricalformulasa(A)=A/8,andA/12.One
canseethatthestrongsheleffectsappear.Sothe
Fig.9Calculatedleveldensityparametersasafunctionof
theatomicmassandcomparedwithempiricalformu灢
las.
structureeffectisclearintheleveldensity,which
isverysignificantintheestimationofthesurvival
probability.
Table1暋Parametersusedinthecalculation
oftheleveldensity
Krot Kvib bs 毩 毬 毰
1 1 1 0.114 0.098 0.4
After considering the competition between
neutronevaporationandfissionprocess,thesur灢
vivalprobabilityoftheexcitedcompoundnucleus
isexpressedasfolows:
Wsur(E*CN,x,J)=P(E*CN,x,J)暳
暻
x
i=1
殻n(E*i ,J)
殻 n(E*i ,J)+殻f(E*i ,J
æ
è
ç
ö
ø
÷
)i
, (46)
whereE*CN,Jaretheexcitationenergyandthespin
ofthecompoundnucleus,respectively.E*i isthe
excitationenergybeforeevaporatingtheithneu灢
tron,whichhastherelation
E*i+1=E*i -Bni-2Ti, (47)
withtheinitialconditionE*1 =E*CN.Bniisthesepa灢
rationenergyoftheithneutron.Thenucleartem灢
peratureTiisgivenbyE*i =aTi2 -Ti withthe
leveldensityparametera.P(E*CN,x,J)isthere灢
alizationprobabilityofemittingxneutronsandthe
detailedcalculationisshowninRefs[23,59-60].
Wecalculatedthesurvivalprobabilityinthe1n-
5nevaporationchannelsofthecompoundnucleus
290114atangularmomentumJ=0asafunctionof
theexcitationenergy,andalsotheangular mo灢
mentumdependenceat40 MeVexcitationenergy
asshowninFig.10.Thepositionofthemaximal
valuesofeachchannelsismainlydeterminedbythe
realizationprobability.Thesurvivalprobabilityde灢
creaseswiththeangularmomentumowingtothe
fissilenucleus.Sowetakethemaximumangular
momentumJmax=30toestimatethecrosssection
inEq.(1)inthefusion灢evaporationreactions.
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Fig.10Survivalprobabilityofthecompoundnucleus290114
asfunctionsofangular momentum and excitation
energy.
3暋ResultsandDiscussions
3.1暋Productioncrosssectionsofheavyandsuper灢
heavynuclei
Theevaporationresiduesobservedinlaborato灢
riesbythesequential毩decayaremainlyproduced
bythecompletefusionreactions,inwhichthefu灢
siondynamicsandthestructurepropertiesofthe
compoundnucleusaffecttheirproduction.Within
theframeworkoftheDNS model,inFig.11we
showthecalculatedmaximalproductioncrosssec灢
tionsofsuperheavyelementsZ=102—120inthe
coldfusionreactionsbyevaporatingoneneutron,
inthe48Cainducedreactionswithactinidetargets
byevaporatingthreeneutrons,andtheexperimen灢
taldata[1-2,6,61].Theproductioncrosssectionsde灢
creaserapidlywithincreasingthechargenumberof
thesynthesizedcompoundnucleusinthecoldfu灢
sionreactions,suchasfrom0.2毺bforthereaction
48Ca+208Pbdownto1pbfor70Zn+ 208Pb,and
evenbelow0.1pbforsynthesizingZ曒113[24].It
seemstobedifficulttosynthesizesuperheavyele灢
mentsZ曒113inthecoldfusionreactionsatthe
presentfacilities.Thecalculatedresultsshowthat
Fig.11 Maximalproductioncrosssectionsofsuperheavyele灢
mentsZ=102-120incoldfusionreactionsbasedon
208Pband 209Bitargets withprojectilenuclei48Ca,
50Ti,54Cr,58Fe,64Ni,70Zn,76Ge,82Se,86Krand
88Sr,in48Cainducedreactionswithactinidetargetsby
evaporating3neutrons,andincomparisonwithavail灢
ableexperimentaldata.
the48Cainducedreactionshavesmalerproduction
crosssectionswith232Thtarget,butareinfavorof
synthesizingheavierSHN (Z曒113)becauseofthe
largercrosssections[62-63].Theexperimentaldata
alsogivesuchtrends.IntheDNSconcept,thein灢
nerfusionbarrierincreaseswithreducingmassa灢
symmetryinthecoldfusionreactions,whichleads
toadecreaseoftheformationprobabilityofthe
compoundnucleus.However,the48Cainducedre灢
actionshavenosuchincreaseoftheinnerfusion
barrierforsynthesizingheavierSHN.Becauseof
thelargertransmissionandthehigherfusionprob灢
ability,weobtainlargerproductioncrosssections
forsynthesizingSHN(Z曒113)inthe48Cainduced
reactionsalthoughthesereactionshaveasmaler
survivalprobabilitythanthoseinthecoldfusion
reactions.Itisstilagoodwaytosynthesizeheavi灢
erSHNbyusingthe48Cainducedreactions.Of
course,furtherexperimentaldataareanticipatedto
beobtainedinthefuture.However,theactinide
targetsaredifficulttobehandledinexperiments
synthesizingheavierSHN.
Uraniumistheheaviestelementexistingin
thenature.Ithasalargermassasymmetrycon灢
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structedasatargetinthefusionreactionswiththe
variousneutron灢richlightprojectiles.Theisotope
238Uistheneutron灢richestnucleusintheUiso灢
topesandoftenchosenasthetargetforsynthesi灢
zingSHN.InFig.12wedrawtheevaporationresi灢
dueexcitationfunctionsofthereactions 40Ar,
50Ti,54Cr,64Ni+238Uinthe2n—5nchannels.The
resultsshowthatthe4nchannelinthereaction
40Ar+238Uhaslargercrosssectionsabout2.1pb
atanexcitationenergy42 MeV.Thereactions
50Ti,54Cr,64Ni+238Uleadtothecrosssection
smalerthan0.1pb.Calculationsshowthatthe
isotopes235Uand 238Uarefavorableinproducing
SHN.Thecrosssectionsarereducedwithincrea灢
singthemassnumbersoftheprojectiles.Otherre灢
actionmechanismstosynthesizeSHNhavetobe
investigatedwiththeoreticalmodels,suchasthe
massivetransferreactions,andthecompletefusion
reactionsinducedbyweaklyboundnuclei.Workin
thesedirectionsisinprogresswithintheframe灢
workoftheDNSmodel.
暋暋Neutron灢deficientSHNwithchargednumbers
Fig.12 Theevaporationresidueexcitationfunctionsinthereactions40Ar,50Ti,54Cr,64Ni+238U.
Z=107—113weresynthesizedsuccessfulyinthe
coldfusionreactions.Theevaporationresidues
wasobservedbytheconsecutive毩decayuntilto
takeplacespontaneousfissionofknownnuclides,
inwhichthefusiondynamicsandthestructure
propertiesofthecompoundnucleushavestrongly
influenceintheproductionofSHN.Recentlymore
neutron灢richandheavierSHN withchargednum灢
bersZ=113—118 wereproducedinthefusion灢
evaporationreactionsof48Cabombardingactinide
targets.Superheavyresidueswerealsoidentified
bytheconsecutive毩decay,unfortunatelytospon灢
taneousfissionofunknownnuclides.Neutron灢rich
projectile灢targetcombinationsarenecessarytobe
chosensothatsuperheavyresiduesapproachthe
“islandofstability暠withthedoubly magicshel
closurebeyond208PbatthepositionofprotonsZ=
114—126andneutronsN=184.New SHN be灢
tweentheisotopesofthecoldfusionandthe48Ca
inducedreactionsareofimportanceforthestruc灢
turestudiesthemselvesandalsoascomparablenu灢
clidesforidentifyingheavierSHNinthefuture.
SuperheavyelementDs(Z=110)wassuccessfuly
synthesizedinthecoldfusionreactions[1,64].The
productionoftheSHN dependsontheisotopic
combinationsofprojectilesandtargets.Forexam灢
ple,themaximalcrosssectionis3.5暲2.71.8 pbfor
thereaction 62Ni+ 208Pb曻 269Ds+1n,however
15暲96 pbforthereaction 64Ni+208Pb曻271Ds+
1n[64].IntheDNSmodel,theisotopictrendsare
mainlydeterminedbyboththefusionandsurvival
probabilities.Whentheneutronnumberofthe
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projectileisincreasing,theDNSgetsmoresym灢
metricalandthefusionprobabilitydecreasesifthe
DNSdoesnotconsistofmorestablenucleiduetoa
higherinnerfusionbarrier.Asmalerneutronsep灢
arationenergyandalargershelcorrectionleadto
alargersurvivalprobability.Thecompoundnucle灢
uswithclosedneutronshelshaslargershelcor灢
rectionenergyandneutronseparationenergy.Cal灢
culations wereperformedforthereactions 30Si
+248,250Cm,36S+244Puand40Ar+238Utoproduce
superheavy element Ds as shown in Fig.13.
Combinationwith248Cmhasthelargercrosssection
Fig.13ProductioncrosssectionsofsuperheavyelementDs
inthereactions30Si+248,250Cm,36S+244Puand40Ar
+238U.
inthe4nchannelthantheisotope250Cmduetothe
largervalueofsurvivalprobability.The4nchan灢
nelsinthesystems30Si+248,250Cmand40Ar+238U
andthe3nchannelinthereaction30Si+248Cmare
feasibleinthesynthesisofnewisotopesofSHN
274-276Ds.
3.2暋Entrancechanneleffectintheproductionof
SHN
Thesynthesisofheavyorsuperheavynuclei
throughfusingtwostablenucleiisinhibitedbythe
so灢caledquasi灢fissionprocess.Theentrancechan灢
nelcombinationsofprojectileandtargetwilinflu灢
encethefusiondynamics.Thesuppressionofthe
evaporationresiduecrosssectionsforlessfissile
compoundsystemssuchas216Raand220Thwhen
reactionsinvolvedtheprojectilesheavierthan12C
and16OwasobservedexperimentalyinRef.[66].
Fig.14istheexcitationfunctionsof1n—5nchan灢
nelsinthereactions34S+ 238U,64Fe+208Pband
136Xe+136Xewhichleadtotheformationofthe
samecompoundnucleus 272Hs.Thecompetition
betweenthequasi灢fissionandthefusionprocessof
thethreesystemsleadstodifferenttrendsofthe
evaporationchannels.The3nand4nchannelsin
Fig.14Comparisonofthecalculatedevaporationresidue
crosssectionsin1n-5nchannelsforthereactions34S
+238U,64Fe+208Pband136Xe+136Xe.
thereaction34S+238U,1nand2nchannelsinthe
reaction64Fe+208Pbarefavorabletoproducethei灢
sotopes268-269Hsand270-271Hs.Thelargertrans灢
missionprobabilitieswerefoundinthereactions
64Fe+208Pband136Xe+136XeowingtothelargerQ
values (absolute values). Smaler mass
asymmetriesofthetwosystemsresultinade灢
creaseofthefusionprobabilities[49].Althoughthe
system 136Xe+136Xeconsistsoftwomagicnuclei,
thehigherinnerfusionbarrierdecreasesthefusion
probabilitiesandenhancesthequasi灢fissionrateof
theDNS,henceleadstothesmalercrosssections
oftheHsisotopes.Theupperlimitofthecross
sectionsforevaporationresidues氁(1-3)n曑4pbwas
reportedin arecentexperiment[67],which are
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muchlowerthantheonespredictedbythefusion
bydiffusionmodel[68].IntheDNSmodel,thelar灢
germassasymmetryfavorsthenucleontransfer
fromthelightprojectiletoheavytarget,andthere灢
foreenhancesthefusionprobabilityoftwocoli灢
dingnuclei.
3.3暋Isotopicdependenceoftheproductioncross
sections
Recentexperimentaldatashowthatthepro灢
ductioncrosssectionsoftheSHNdependonthe
isotopiccombinationofthetargetandprojectilein
the48Cainducedfusionreactions.Forexample,
the maximalcrosssectioninthe3nchannelis
3.7暲3.61.8pbforthereaction48Ca+245Cmattheex灢
citationenergy37.9MeV;however,itis1.2pb
forthereaction48Ca+248Cmalthoughthelaterisa
neutron灢richtarget[10,69].Theisotopicdependence
oftheproductioncrosssectionswerealsoobserved
andinvestigatedincoldfusionreactions[24,68].In
Fig.15wegivetheisotopicdependenceofthepro灢
ductioncrosssectionstosynthesizethesameSHN
inthecoldfusionandinthe48Cainducedreactions.
Itisshownthattheisotopes79Sebasedon208Pb
and245,247Cminthe3nchannels,248Cminthe4n
Fig.15Isotopicdependenceofthecalculatedmaximalproductioncrosssectionsincoldfusionreactionsandin48Cainducedre灢
actionsleadingtothesynthesisofsuperheavyelementsZ=116,andcomparedwiththeexperimentaldata.
channel,and250Cmaresuitabletoproducetheele灢
mentZ=116.The48Cainducedreactionsgivelar灢
gerproductioncrosssectionsthanthecoldfusion
reactions.Thecorrespondingexcitationenergies
arealsogiveninthefigures.IntheDNSmodel,
theisotopicdependenceoftheproductioncross
sectionsaremainlydeterminedbyboththefusion
andsurvivalprobabilities.Ofcourse,thetrans灢
missionprobabilityoftwocolidingnucleicanalso
beaffectedsincetheisotopeshaveinitialquadru灢
poledeformations.Whentheneutronnumberof
thetargetincreases,theDNSgetsmoreasymmet灢
ricalandthefusionprobabilityincreasesifthe
DNSdoesnotconsistofmorestablenuclei(such
asmagicnuclei)becauseofasmalerinnerfusion
barrier.Asmalerneutronseparationenergyanda
largershel correctionleadtoalargersurvival
probability.Thecompoundnucleus withclosed
neutronshelshasalargershelcorrectionenergy
andalargerneutronseparationenergy.Usingneu灢
tron灢richactinidetargethaslargerfusionandsur灢
vivalprobabilitiesduetothelargerasymmetricini灢
tialcombinationsandsmalerneutronseparation
energies.Butsuchactinideisotopesareusualyun灢
stablewithsmalerhalf灢lives.Withtheestablish灢
mentofthehighintensityradioactive灢beamfacili灢
ties,theneutron灢richSHNmaybesynthesizedex灢
perimentaly,whichapproachestheislandofsta灢
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bility.
3.4暋Productionofneutron灢richheavyisotopesin
low灢energytransferreactions
Thecrosssectionsoftheheavyfragmentsin
stronglydampedcolisionsbetweenveryheavynu灢
cleiwerefoundtodecreaseveryrapidlywithin灢
creasingtheatomicnumber[3-4].Calculationsby
Zagrebaevand Greiner with a modelbased on
multi灢dimensionalLangevinequations[21] showed
thattheproductionofthesurvivedheavyfrag灢
mentswiththechargednumberZ>106israrebe灢
causeoftheverysmalcrosssectionsatthelevelof
1pbandevenbelow1pb.However,neutron灢rich
isotopesofFmandMdwereproducedatthelarger
crosssectionof0.1毺b.Theevolutionofthecom灢
positesysteminthedampedcolisionsismainlyin灢
fluencedbytheincidentenergyandthecolision
orientation.Recently,theTDHFapproach[29]and
ImQMDmodel[28]werealsousedtoinvestigatethe
dynamicsincolisionsof238U+238U.
Thedynamicsofthedampedcolisionsoftwo
veryheavynucleiwasalsoinvestigatedbytheDNS
model[70].Thecrosssectionsoftheprimaryfrag灢
ments(Z1,N1)aftertheDNSreachestherelaxa灢
tionbalancearecalculatedasfolows:
氁pr(Z1,N1)= 毿淈
2
2毺Ec.m.
暳暋暋暋暋暋暋暋暋暋暋
暺
Jmax
J=0
(2J+1)P(Z1,N1,氂int). (48)
Theinteractiontime氂intinthedissipationprocess
oftwocolidingpartnersisdependentontheinci灢
dentenergyEc.m.inthecenter灢of灢mass (c.m.)
frameandtheangularmomentumJ,whichhas
thevalueoffew10-20s.Thesurvivedfragments
arethedecayproductsoftheprimaryfragmentsaf灢
teremittingparticlesand毭raysincompetition
withfission.Thecrosssectionsofthesurvived
fragmentsaregivenby
氁sur(Z1,N1)= 毿淈
2
2毺Ec.m.暺
Jmax
J=0
(2J+1)暳暋暋暋暋暋暋
P(Z1,N1,E1,氂int)Wsur(E1,xn,J),(49)
whereE1istheexcitationenergyofthefragment
(Z1,N1).The maximalangular momentumis
takenasJmax=200thatincludesalpartialwavesin
which the transfer reactions may take place.
ShowninFig.16isthecalculatedcrosssectionsof
theprimaryandsurvivedfragmentsasfunctionsof
Fig.16Crosssectionsasfunctionsofthechargedandmass
numbersoftheprimaryandsurvivedfragmentsat
Ec.m.=800MeV,respectively.
thechargednumbersandmassnumbersattheinci灢
dentenergyEc.m.=800MeV,respectively.Inthe
dampedcolisions,theprimaryfragmentsresult
fromanumberofnucleontransferintherelaxation
processofthecolidingpartners.Thegiantcom灢
positesystemretainsaveryshorttimeofseveral
tens10-22sduetothestrongCoulombrepulsion.
CalculationsfromtheTDHFmethodshowedthat
thecolisiontimedependedontheorientationof
thecolidingsystem[29].Thecrosssectionsinthe
productionofheavytarget灢likefragments(Z>92)
decreasedrasticalywiththeatomicnumbersofthe
fragments.Therefore,themechanismofthelow灢
energytransferreactionsincolisionsoftwovery
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heavynucleiisnotsuitabletosynthesizesuper灢
heavynuclei(Z>106)becauseofthesmalercross
sectionsatthelevelof1pbandevenbelow1pb.
3.5暋Synthesisofneutron灢richSHNwithradioactive
beams
TheSHN withatomicnumberZ=107—118
synthesizedbythecoldfusionandthe48Cainduced
reactionsarealneutron灢deficientinwhichtheneu灢
tronnumberissmalerthanthevalueatshelclo灢
sureN=184.FurthersynthesisofheavierSHN
withZ>118becomesmoreandmoredifficultin
the48Cainducedreactionsowingtotheconstruc灢
tionofheavyactinidetarget.Reactionswithneu灢
tron灢richprojectilebombardingactinidetargetsare
possibletoproduceheavierSHNaroundZ=120
and126,suchas64Ni+238U,70Zn+232Th,76Se
+238Uand86Kr+232Thetc..Radioactiveionbeam
ofhighintensitywiththehighN/Zratiomayreach
Fig.17Comparisonofthefusion,survivalprobabilitiesand
finalproductionofSHNinthereactions50Ti+238U
and56Ti+238U.
thedomainoftheislandofstabilitypredictedby
shel models.ShowninFig.17isacomparisonbe灢
tweenstableandweaklyboundneutron灢richnuclei
inducedreactionstosynthesizesuperheavyelement
Z=114.Thelargercrosssectionfortheneutron灢
richnuclei56Tiisclearduetothelargersurvival
probabilityresultingfromthesmalerneutronsep灢
arationenergyofcompoundnucleus.Withthees灢
tablishmentofnew灢generationradioactiveionbeam
facilityintheworld,theconstructionistobepos灢
sibleinthenearfuture.
4暋Conclusions
Recentprogressofthetheoreticalmodelson
describingtheformationofsuperheavynucleiisre灢
viewedanddiscussed.Calculatedresultsbasedon
theDNSmodelarepresentedandcomparedwith
theavailableexperimentaldata.Reactionsbasedon
238UandnewisotopesofelementDswithstable
neutron灢richprojectilebombardingactinidetargets
arediscussed.BothofthereactionQvalueandthe
massasymmetryintheentrancechannelinfluence
thefinalproductsofSHN.Sub灢shelclosureatN
=162 enhancesthe production ofneutron灢rich
heavyisotopesinlow灢energytransferreactionsof
actinides.Synthesisofneutron灢richSHNwithra灢
dioactivebeamsarediscussed.
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低能重离子碰撞产生超重核动力学机制*
冯兆庆1),靳根明,李君清
(中国科学院近代物理研究所,甘肃 兰州730000)
摘暋要:总结了描述重系统碰撞形成超重核的主要理论模型进展。基于两类反应机制,即熔合蒸发反应和
大质量阻尼反应,对产生超重核的物理过程进行了讨论。分析了超重核形成过程中碰撞系统的俘获、复合
核的形成及蒸发退激描述存在的问题。基于双核模型分析了合成冷熔合反应和 48Ca诱发全熔合反应之间
的超重新核素的可能性。利用锕系核碰撞的转移反应产生子壳N=162附件丰中子重核的可行性,研究了
壳效应对丰中子核素产生的影响。进一步讨论了将来基于丰中子强流放射性束合成超重核的可行性。
关 键 词:超重核;熔合蒸发反应;阻尼碰撞;熔合动力学
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